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(57) ABSTRACT 
Systems and methods are disclosed for evaluating the length 
of elongated elements in a sample. The disclosed systems and 
methods may include using a direct current stimulus to deter-
mine a direct current base length region corresponding to at 
least a portion of the sample. Furthermore, the disclosed 
systems and methods may include using an alternating cur-
rent stimulus to determine that the direct current base length 
region corresponds to a first set of elongated elements and a 
second set of elongated elements. The first set of elongated 
elements may have a first base length and the second set of 
elongated elements may have a second base length. The elon-
gated elements may comprise, for example, chain molecules, 
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), or 
proteins. Furthermore, the disclosed systems and methods 
may include measuring an ion current through a nanopore, the 
ion current produced by the alternating current stimulus. 
11 Claims, 12 Drawing Sheets 
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function [f,A,] = decision(solution) 
Input solution with unknown composition of DNA 
bases 
Perform a DC simulation and generate histograms 
Identify different regions 
Compute mean base lengths for each region 
(perform stimulus generation for each region 
separately) 
for Region R, 
Set initial frequency, amplitude and phase 
(f, A and respectively) 
[N1 ,N2 ] =Calculate Base Pair(f,A,) 
if more than one base found in region, 
S DC Sensitivity (N1, N2 ) 
while frequency not optimized 
i = current iteration 
81 AC Sensitivity(f+f,A,) 
82 AC Sensitivity(f-f,A,) 
Di Calculate Direction(Sl,82) 
Sfi max(Sl,82); 
fstep Decision (Sfi, Sfi-11 Di, Di-11 f) 
Change f by fstep 
if Sfi>K.S or i > Maxiterations 
Frequency optimized 
end if 
i = i+l 
end while 
Repeat for A and 
if not all optimized 
continue 
else 
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METHODSANDSYSTEMSFOR 
EVALUATING THE LENGTH OF 
ELONGATED ELEMENTS 
This invention was made with Government support under 
Agreement No. CCF-0325555 awarded by the National Sci-
ence Foundation. The Government has certain rights in this 
invention. 
2 
enable the processing of real samples in an efficient and 
reliable manner, and to optimize, for example, the character-
istics of the sensor such as the sensitivity and signal-to-noise 
ratio. 
In view of the foregoing, there is a need for methods and 
systems for evaluating the length of elongated elements com-
prising, but not limited to, chain biomolecules mixtures like 
DNA, RNA, or other proteins, more optimally. Furthermore, 
there is a need for evaluating the length of elongated elements 
BACKGROUND OF THE INVENTION 
I. Field of the Invention 
10 using, for example, an alternating current stimulus. The elon-
gated elements may comprise, but are not limited to, chain 
biomolecules mixtures like DNA, RNA, or other proteins. 
Moreover, there is a need for methods and systems that 
include very high sensitivity (single molecule levels), 
The present invention generally relates to methods and 
systems for evaluating the length of elongated elements. 
More particularly, the present invention relates to evaluating 
the length of elongated elements using, for example, an alter-
nating current stimulus. 
II. Background Information 
15 extremely rapid and reversible response due to the short 
detection length and small time scales ( c.a. 1 nm and 1 ms 
respectively), good signal-to-noise ratio even at low analyte 
concentrations, as single molecules are detected irrespective 
of concentration, and concurrent multiple-analyte sensing Size-separation and sequencing of chain-like biomol-
ecules (e.g. single stranded deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA), and proteins) is a process of vital 
importance in biotechnology and medicine. Sequencing 
speed is a bottleneck in genomics and allied disciplines. In 
particular, current DNA sequencing methods involve electro-
phoretic separation of DNA strands of varying sizes, gener-
ated by the well-established polymerase chain reaction (PCR) 
process. The PCR process generates DNA strands of varying 
lengths from the original sample, such that the length of a 
generated strand reflects the identity (e.g. A, C, G or T) of the 
base at the fluorescently labeled termination position. The 30 
sequencing problem is thus reduced to size-separating (or 
sizing) DNA strands. This step is carried out via electrophore-
20 using arrays of nanopores. These needed methods and sys-
tems may increase sizing speeds from 104 -105 bases per day 
on a single electrophoresis instrument, to levels of 107 -108 
bases per day (e.g. 3-4 orders of magnitude higher.) In addi-
tion, there is a need for methods and systems that may be 
25 combined with a circuit chip that analyzes the signals from 
the nanopore array, as well as a micro-fluidic system for 
handling input and output of analyte samples. 
SUMMARY OF THE INVENTION 
sis in a gel or capillary bundle. The molecules are separated 
into bands by virtue of difference in their transport rates 
through the medium as a function of their size, under an 35 
applied electric field. 
Consistent with embodiments of the present invention, sys-
tems and methods are disclosed for evaluating the length of 
elongated elements. 
In accordance with one embodiment, a method for evalu-
ating the length of elongated elements in a sample comprises 
using a direct current stimulus to determine a direct current 
base length region corresponding to at least a portion of the 
sample and using an alternating current stimulus to determine 
that the direct current base length region corresponds to a first 
set of elongated elements and a second set of elongated ele-
ments, the first set of elongated elements having a first base 
length and the second set of elongated elements having a 
second base length. 
According to another embodiment, a system for evaluating 
Efforts to substantially raise the throughput rates of these 
devices are impeded by the "short read length" problem (i.e. 
inefficient operation at long sequence lengths due to very 
slow transport oflong strands through the medium.) In addi- 40 
tion, the use of fluorescence-based optical techniques to 
detect the DNA bands increases the size and cost of DNA 
sequencing devices. However, overcoming the limitations of 
electrophoresis will result in a large technological impact, in 
terms of new applications such as "personalized medicine" 
(routine, patient-specific genome sequencing to diagnose 
genetic health risks), and fast genotyping of new pathogens or 
biological warfare agents to allow a rapid response. 
45 the length of elongated elements in a sample comprises a 
memory storage for maintaining a database and a processing 
unit coupled to the memory storage, wherein the processing 
unit is operative to use a direct current stimulus to determine 
a direct current base length region corresponding to at least a In recent years, research at the biology-nanotechnology 
interface has shown potential for creating revolutionary 
advances in speed, efficiency, reliability, and portability of 
biomolecule sensors. An underlying advantage of a truly 
nano-scale biomolecule sensing technique is the ability to 
detect single molecules at a nanometer length scale and at 
very short time scales, using only small amounts of sample. 
Operation at short length and time scales would remove the 
transport limitations associated with electrophoresis technol-
ogy. Of several proposed strategies for sizing DNA, the use of 
nano-scale ion channels is particularly attractive. The sensing 
element is a nanometer-scale pore (-2-5 nm in diameter and 
a few nm long) embedded in a substrate. 
50 portion of the sample and use an alternating current stimulus 
to determine that the direct current base length region corre-
sponds to a first set of elongated elements and a second set of 
elongated elements, the first set of elongated elements having 
a first base length and the second set of elongated elements 
55 having a second base length. 
In accordance with yet another embodiment, a computer-
readable medium which stores a set of instructions which 
when executed performs a method for evaluating the length of 
elongated elements in a sample, the method executed by the 
60 set of instructions comprising using a direct current stimulus 
to determine a direct current base length region correspond-
ing to at least a portion of the sample and using an alternating 
current stimulus to determine that the direct current base 
Different types of nanopores have been proposed or dem-
onstrated for use in the above devices, and are currently under 
further development in several research groups. Conventional 
nanopores have used a direct current (DC) voltage to demon- 65 
strate the translocation of biomolecules through the pore. 
However, more sophisticated sensing protocols are needed to 
length region corresponds to a first set of elongated elements 
and a second set of elongated elements, the first set of elon-
gated elements having a first base length and the second set of 
elongated elements having a second base length. 
US 7,835,870 B2 
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It is to be understood that both the foregoing general 
description and the following detailed description are exem-
plary and explanatory only, and should not be considered 
restrictive of the scope of the invention, as described and 
claimed. Further, features and/or variations may be provided 
in addition to those set forth herein. For example, embodi-
ments of the invention may be directed to various combina-
tions and sub-combinations of the features described in the 
detailed description. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated in 
and constitute a part of this disclosure, illustrate various 
embodiments and aspects of the present invention. In the 
drawings: 
FIG. 1 is a diagram illustrating the operation of a sensing 
unit consistent with an embodiment of the present invention; 
FIG. 2 is a diagram illustrating the operating principle of a 
sensing unit consistent with an embodiment of the present 
invention; 
FIG. 3 is a block diagram of an exemplary evaluation 
processor consistent with an embodiment of the present 
invention; 
4 
are possible, without departing from the spirit and scope of 
the invention. For example, substitutions, additions or modi-
fications may be made to the components illustrated in the 
drawings, and the exemplary methods described herein may 
be modified by substituting, reordering, or adding stages to 
the disclosed methods. Accordingly, the following detailed 
description does not limit the invention. Instead, the proper 
scope of the invention is defined by the appended claims. 
Systems and methods consistent with embodiments of the 
10 present invention evaluate the length of elongated elements. 
Consistent with an embodiment of the invention, a diagnostic 
process for high-speed sizing of elongated elements by fab-
ricated nanopores is provided. As stated above, the elongated 
elements may comprise, but are not limited to, chain biomol-
15 ecules mixtures like DNA, RNA, or other proteins. The afore-
mentioned are exemplary and other elongated elements may 
be evaluated. The diagnostic process is based on optimization 
of an externally applied electrical driving potential. An initial 
DC stimulus produces a coarse size distribution assay of the 
20 sample that can then be refined by an optimized AC stimuli 
specific to each region of the size distribution produced by the 
DC stimulus. In particular, an AC stimulus that is "tuned" to 
the time scale of the transport process considerably increases 
FIG. 4 is a diagram illustrating the variation oftransloca- 25 
tion time with change in base length (N) consistent with an 
embodiment of the present invention; 
the system's performance. 
FIG. 1 is a diagram illustrating the operation of a sensing 
unit 105 consistent with an embodiment of the present inven-
tion. As shown in FIG. 1, sensing occurs in sensing unit 105 
by measuring the partial blockage of ionic current through a 
FIG. 5 is a diagram illustrating a DC sensitivity curve 
consistent with an embodiment of the present invention; 
FIG. 6 is a diagram illustrating mean translocation time 30 
versus N for AC stimulus consistent with an embodiment of 
single nanopore as individual analyte molecules are driven 
through by an electric field. For chain molecules like DNA, 
RNA, and proteins, the duration of the current blockages 
correlate with the chain length. The physical basis of the 
present sensing technology is the measurement and interpre-
tation of ionic current (pA to nA levels) through individually 
the present invention; 
FIG. 7 is a diagram illustrating mean translocation time vs. 
N for different AC amplitudes with zero phase consistent with 
an embodiment of the present invention; 
FIG. 8 is a diagram illustrating a histogram of stochastic 
translocation times for repeated translocation events of DNA 
molecules of two different base lengths consistent with an 
embodiment of the present invention; 
FIG. 9 is a flow chart of an exemplary method for evaluat-
ing the length of elongated elements in a sample consistent 
with an embodiment of the present invention; 
FIG. 10 is a diagram illustrating pseudo-code for a diag-
nosis algorithm consistent with an embodiment of the present 
invention; 
FIG. 11 is a diagram illustrating histograms for an opera-
tional example consistent with an embodiment of the present 
invention; 
FIG. 12 is a diagram illustrating translocation time histo-
grams in Region 3 for the DC and the initial AC stimulus 
applied consistent with an embodiment of the present inven-
tion; 
FIG. 13 is a diagram illustrating a change in sensitivity 
values with progress in optimization consistent with an 
embodiment of the present invention; and 
FIG. 14 is a diagram illustrating performance for DC and 
the initial AC stimulus and the optimized AC stimulus con-
sistent with an embodiment of the present invention. 
DETAILED DESCRIPTION 
The following detailed description refers to the accompa-
nying drawings. Wherever possible, the same reference num-
bers are used in the drawings and the following description to 
refer to the same or similar parts. While several exemplary 
embodiments and features of the invention are described 
herein, modifications, adaptations and other implementations 
35 addressable nanoporous ion channels (of -2-5 nm diameter) 
in a substrate (e.g. silicon nitride membrane of -5 nm thick-
ness). As shown in FIG. 1, when a biomolecule is driven 
through the nanopore, the ionic current is partially blocked. 
The duration of the current blockage correlates with the trans-
40 location time for the molecule through the nanopore, which is 
in turn is directly correlated to its length. 
The electrodes that are used to supply the driving stimulus 
can be positioned close to the nanopore to detect currents. The 
45 
nanopores and the electrodes may be submerged in a poly-
meric (e.g., teflon, acrylic) sample cell of fluid volume 
approximately 0 .1-1 ml. Alternatively, this apparatus can be 
replaced with a nano/microfabricated system on a silicon 
chip, containing an array of individually addressable nanop-
50 ores enclosed in fabricated micro-chambers with microelec-
trodes at appropriate locations. 
FIG. 2 illustrates the operating principle of sensing unit 
105. In an "open" mode, the pore permits a high current. 
During translocation ("close"), the current is reduced to a low 
55 level due to partial nanopore blockage by the molecule. The 
blockage duration (tB) correlates to the molecule length. 
An embodiment consistent with the invention may com-
prise a system for evaluating the length of elongated ele-
ments. The system may comprise a memory storage for main-
60 taining a database and a processing unit coupled to the 
memory storage. The processing unit may be operative to use 
a direct current stimulus to determine a direct current base 
length region corresponding to at least a portion of the 
sample. Furthermore, the processing unit may be operative to 
65 use an alternating current stimulus to determine that the direct 
current base length region corresponds to a first set of elon-
gated elements and a second set of elongated elements. The 
US 7,835,870 B2 
5 
first set of elongated elements may have a first base length and 
the second set of elongated elements may have g a second 
base length. 
Consistent with an embodiment of the present invention, 
the aforementioned memory, processing unit, and other com-
ponents may be implemented in an evaluation system, such as 
an exemplary evaluation system 300 of FIG. 3. Any suitable 
combination of hardware, software, and/or firmware may be 
used to implement the memory, processing unit, or other 
components. By way of example, the memory, processing 10 
unit, or other components may be implemented with any of an 
evaluation processor 305, in combination with system 300. 
The aforementioned system and processor is exemplary and 
other systems and processors may comprise the aforemen-
tioned memory, processing unit, or other components, con- 15 
sistent with embodiments of the present invention. 
6 
In addition to utilizing a wire line communications system 
as network 320, a wireless communications system, or a 
combination of wire line and wireless may be utilized as 
network 320 in order to, for example, exchange web pages via 
the Internet, exchange e-mails via the Internet, or for utilizing 
other communications channels. Wireless can be defined as 
radio transmission via the airwaves. However, it may be 
appreciated that various other communication techniques can 
be used to provide wireless transmission, including infrared 
line of sight, cellular, microwave, satellite, packet radio, and 
spread spectruni radio. The processor in the wireless environ-
ment can be any mobile terminal, such as the mobile termi-
nals described above. Wireless data may include, but is not 
limited to, paging, text messaging, e-mail, Internet access and 
other specialized data applications specifically excluding or 
including voice transmission. For example, the processor 
may communicate across a wireless interface such as, for 
example, a cellular interface (e.g., general packet radio sys-
tem (GPRS), enhanced data rates for global evolution 
By way of a non-limiting example, FIG. 3 illustrates sys-
tem 300 in which the features and principles of the present 
invention may be implemented. As illustrated in the block 
diagram of FIG. 3, system 300 may include evaluation pro-
cessor 305, sensing unit 105, and a network 320.As shown in 
FIG. 3, sensing unit 105 may obtain data regarding translo-
cation time as described above and transmit this data to evalu-
ation processor 305 over network 320. Moreover, evaluation 
processor 305 may be configured to control sensing unit 
105's operation. Alternately, sensing unit 105 may be con-
nected directly to evaluation processor 305. 
20 (EDGE), global system for mobile communications (GSM)), 
a wireless local area network interface (e.g., WLAN, IEEE 
802.11), a bluetooth interface, another RF communication 
interface, and/or an optical interface. 
System 300 may also transmit data by methods and pro-
As shown in FIG. 3, evaluation processor 305 may include 
25 cesses other than, or in combination with, network 3 20. These 
methods and processes may include, but are not limited to, 
transferring data via, diskette, flash memory sticks, CD ROM, 
facsimile, conventional mail, an interactive voice response 
a processing unit 325 and a memory 330. Memory 330 may 
30 
include an evaluation software module 335 and an evaluation 
system (IVR), or via voice over a publicly switched telephone 
network. 
Consistent with an embodiment of the invention, as elon-
gated elements (e.g. DNA molecules) are charged in an aque-
ous solution, an applied electrical potential forces them to 
move towards a nanopore and eventually pass through it. This 
database 340. While executing on processing unit 325, evalu-
ation software module 335 may perform processes for evalu-
ating the length of elongated elements as described below, 
including, for example, one or more of the stages of exem-
plary method 900 described below with respect to FIG. 9. 
35 nanopre passage is considered a "translocation event." The 
motion of the elongated elements under the influence of the 
applied electrical potential may be governed by three forces: 
i) electrical; ii) viscous drag; and iii) a rapidly fluctuating 
thermal force (random force). The random force may obey a 
Evaluation processor 305 ("the processor") included in 
system 300 may be implemented using a personal computer, 
network computer, mainframe, or other similar microcom-
puter-based workstation. The processor may though com-
prise any type of computer operating environment, such as 
hand-held devices, multiprocessor systems, microprocessor-
based or programmable sender electronic devices, minicom-
puters, mainframe computers, and the like. The processor 
may also be practiced in distributed computing environments 
where tasks are performed by remote processing devices. 
Furthermore, any of the processor may comprise a mobile 
terminal, such as a smart phone, a cellular telephone, a cel-
lular telephone utilizing wireless application protocol 
(WAP), personal digital assistant (PDA), intelligent pager, 50 
portable computer, a hand held computer, a conventional 
telephone, or a facsimile machine. The aforementioned sys-
tems and devices are exemplary and the processor may com-
prise other systems or devices. 
40 normal distribution about a zero mean. The random force and 
the drag force may be highly correlated, because the molecu-
lar origin of both forces may be the same (e.g. bombardment 
of the biomolecule by solvent molecules.) The change in a 
channel resistance due to the passage of an elongated element 
45 through the nanopore causes a change (e.g. 50-75 pA) in an 
ionic current observed in the aqueous solution. The elongated 
element's length can be calculated based on the duration the 
channel (nanopore) blockage. This duration is the transloca-
tion time (tB) for the elongated element. 
The translocation time for elongated elements of the same 
length (under an applied DC potential) may show a stochastic 
variation and may follow a Gaussian distribution due to the 
random force effects operating during each translocation 
event. This may reduce sensing unit 105's resolution for 
55 distinguishing between two different chain lengths that are 
close in value. Even for two chains that can be clearly distin-
guished, the process may become time consuming and inef-
ficient due to the measurement time required for improving 
the statistical quality of the data. Consistent with an embodi-
Network 320 may comprise, for example, a local area 
network (LAN) or a wide area network (WAN). Such net-
working environments are commonplace in offices, enter-
prise-wide computer networks, intranets, and the Internet. 
When a LAN is used as network 320, a network interface 
located at any of the processor may be used to interconnect 
any of the processor. When network 320 is implemented in a 
WAN networking environment, such as the Internet, the pro-
cessor may typically include an internal or external modem 
(not shown) or other means for establishing communications 
over the WAN. Further, in utilizing network 320 data sent 65 
over network 320 may be encrypted to insure data security by 
using known encryption/decryption techniques. 
60 ment of the invention an AC stimulus in addition to the 
applied DC potential may be used. By doing so, the difference 
between the translocation times of elongated elements of 
comparable lengths may be increased compared to using a 
DC stimulus alone. 
A DNA molecule may be considered a rigid cylindrical 
rod. This is true at least because sensing unit 105 may operate 
at an appropriate pH and salt concentration of the DNA solu-
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tion, in which conditions the DNA chains remain uncoiled 
and in an extended form by application of the electric field. 
Moreover, the motions along an x and y axis may be restricted 
and hence the only movement freedom degree for the mol-
ecule may be along a z-axis (along the nanopore's axis.) A 
DNA strand may have N bases (monomers), each oflength I 
(-0.7 nm), giving a total length ofL=NI. The number of bases 
can be up to 10,000, for example. The DNA strand may have 
a diameter d (-1.5 nm.) Moreover, the length of the DNA 
chain is much greater than the length of the nanopore (-5 nm) 10 
so that the nanopore may be considered a hole of essentially 
zero thickness separating two chambers. 
8 
The initial velocity for the molecule may be obtained by 
equating its one-dimensional kinetic energy to the one-di-
mensional thermal energy 1/2kT: 
(5) 
Using equations (1) and (2), and substituting into equation 
(4), a differential equation may be written in v(t), with the 
initial condition given by equation (5). Algebraically manipu-
lating equation (4) gives the translocation time under the 
influence of the forces aforementioned three forces. Due to 
15 the random force, the translocation times for molecules hav-
ing the same length may be different for repeated simulation 
As stated above, forces acting on the elongated elements in 
the solution may comprise an electric force (FE), a viscous 
drag force (F n), and a random force (FR). Regarding the 
electric force (FE), within the solution, each base may hold 
approximately four electrons of charge. Thus, the total charge 
on, for example, a DNA strand may be Q=-4qN, where 
q=l .6xl 0-19 Coulomb. With an assumed potential difference 




FIG. 4 is a diagram illustrating the variation oftransloca-
tion time with change in base length (N) consistent with an 
embodiment of the present invention. For the example shown 
in FIG. 4, sensing unit 105 was first simulated with a 100 m V 
DC driving voltage. The differential equation ( 4) was solved 
to obtain the translocation time for an elongated element with 
different values ofN. The variation oftranslocation time with ~ V(w,t) 
FE=Q·--
s 25 change in base length (N) is shown in FIG. 4. 
where s is the separation between the electrodes in sensing 
unit 105. Thus, the magnitude of electric force on an elon-
gated element may be directly proportional to the molecule 30 
length. 
Regarding the viscous drag force (FD), the magnitude of a 
drag force acting on an elongated element is given by: 
(2) 
where Mis the mass of the elongated element (M=Nm, with 
m being the mass of a single monomer of the elongated 
---;. 
35 
element, ca. 330 a.m.u.), v is the velocity of the elongated 40 
element, and y is the drag coefficient of the solution given by: 
FIG. 5 is a diagram illustrating a DC sensitivity curve 
consistent with an embodiment of the present invention. The 
sensitivity of the translocation time of an elongated element 
to the lengths of the translocating molecules may be given by: 
!:.tslts N dlts d/(lnts) (6) 
s=-----7-·----7--
1:.N/N ts d/N d/(lnN) 
As shown in FIG. 5, the sensitivity of sensing unit 105 is 
substantially constant for almost the entire range of elongated 
element (molecule) sizes investigated, and also becomes 
lower for short elongated elements (molecules.) 
The DC stimulus may be used, for example, to diagnose the 
composition of a solution. Consequently, a number of histo-
grams and area under each histogram may be calculated. The 
3n17L 
y=-----
(3) histograms may give an estimate of the different DNA bases 
45 constituting the solution. However, due to the effect of ran-
dom forces, if two elongated elements (e.g. molecules) are 
almost the same length and the proportion of one elongated 
element (e.g. molecule) is much larger compared to the other, 
one elongated element may be completely masked in the 
M[ln(Ud) + 1] 
where, ri is the viscosity of water (0.0089 Poise). The drag 
force is proportional to N/In(N), and increases with increas-
ing elongated element length. 
50 histogram of the other elongated element. Accordingly, these 
Random force (FR), acting on an elongated element, may 
follow a gaussian distribution with zero mean and a variance 
given by 2MykT/llt. Here, k=l.38xl0-23 J/K is the Boltz-
mann constant and flt is the time step used for numerical 55 
integration (e.g. -1 ns ). The random force may be related to 
the viscous force, as the drag coefficient y appears in both 
force definitions. 
Elongated element translocation through a nanopore in the 
presence of an electric field can be modeled using Newton's 60 
first law of motion: 
(4) 
65 
factors may result in a reduced prediction accuracy when the 
DC stimulus is used. 
Consistent with an embodiment of the present invention, if 
a sinusoidal signal with carefully adjusted frequency, ampli-
tude, and phase is added to the DC signal, the sensitivity for 
certain pairs of bases can be enhanced significantly. FIG. 6 is 
a diagram illustrating mean translocation time versus N for 
AC stimulus consistent with an embodiment of the present 
invention. As shown in FIG. 6, the translocation time vs. base 
length is plotted for an applied AC signal with the DC stimu-
lus. For some regions ofN, the slope of the translocation time 
curve (and hence the sensitivity) increases sharply when an 
AC stimulus is applied. However, for other regions, the sen-
sitivity is lower than DC when an AC stimulus is applied. 
FIG. 7 is a diagram illustrating mean translocation time vs. 
N for different AC amplitudes with zero phase consistent with 
an embodiment of the present invention. As shown in FIG. 7, 
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the sensitivity varies with the frequency, amplitude, phase, 
and the DC offset of the input AC and DC signals. The data in 
FIG. 7 shows that a particular combination of frequency, 
phase, amplitude, and DC offset values provides better per-
formance than DC for one set of base lengths, and at the same 
time worse than DC for another set of base lengths. 
FIG. 8 is a diagram illustrating a histogram of stochastic 
translocation times for repeated translocation events of DNA 
molecules of two different base lengths consistent with an 
embodiment of the present invention. FIG. 8 shows histo- 10 
grams of stochastic translocation times for repeated translo-
cation events of DNA molecules of two different base lengths 
(2760 and 2860) under DC (left) and AC stimulus (right). As 
shown in FIG. 8, the introduction of an AC stimulus separates 
the two histograms better than the use of a DC stimulus, 15 
providing better resolution and diagnosis. 
FIG. 9 is a flow chart setting forth the general stages 
involved in an exemplary method 900 consistent with the 
invention for evaluating the length of elongated elements 
using system 300 of FIG. 3. Exemplary ways to implement 20 
the stages of exemplary method 900 will be described in 
greater detail below. Exemplary method 900 may begin at 
starting block 905 and proceed to stage 910 where evaluation 
processor 305 may use a DC stimulus to determine a DC base 
length region corresponding to at least a portion of the 25 
sample. FIG. 10 is a diagram illustrating pseudo-code for a 
diagnosis algorithm 1010 consistent with an embodiment of 
the present invention. For example, evaluation processor 305 
may use diagnosis algorithm 1010 to optimize the frequency, 
amplitude, and phase of the AC stimulus to increase the 30 
sensitivity for a pair of molecules compared to DC. Algorithm 
1010 consists of two main parts. The first part uses a DC 
stimulus to identify different base length regions (e.g. DC 
base length region) that may be present in the sample. 
From stage 910, where evaluation processor 305 uses the 35 
direct current stimulus to determine the DC base length 
region corresponding to at least the portion of the sample, 
exemplary method 900 may advance to stage 920 where 
evaluation processor 305 may use an AC stimulus to deter-
mine that the DC base length region corresponds to a first set 40 
of elongated elements and a second set of elongated elements. 
The first set of elongated elements may have a first base length 
and the second set of elongated elements may have a second 
base length. For example, algorithm 1010's second part may 
optimize the AC stimulus for different regions (e.g. the DC 45 
base length region) identified by the DC stimulation. Each 
region may be investigated by optimizing the values of input 
parameters. These input parameters may comprise, but are 
not limited to, frequency, amplitude, and phase of the AC 
stimulus. These input parameters may be optimized to 50 
increase the sensitivity (e.g. the distance between the mean 
translocation times of the different elongated elements (e.g. 
DNA strands) of comparable lengths.) 
The function "decision" used in algorithm 1010 may use a 
gradient search (steepest descent) algorithm to determine the 55 
optimal set of parameters (e.g. frequency, amplitude, and 
phase values for the AC stimulus.) Algorithm 1010 may also 
determine whether to increase or decrease the optimization 
parameters and the step size for the same. In addition, algo-
rithm 1010 may maintain a history of the optimization steps. 60 
At some point, if the optimization parameters move away 
from a target value, algorithm 1010 may revert to the previous 
point where the best sensitivity was obtained, and change the 
search direction. 
Moreover, algorithm 1010 may target a sensitivity atten- 65 
ti on (using AC stimulus) equal to, for example, K times that 
for a DC stimulus. K may be a user-specified performance 
10 
enhancement factor, set to a value of 3, for example. The 
algorithm 1010 may stop when each of the optimization 
parameters achieve this condition. After evaluation processor 
305 uses the alternating current stimulus to determine that the 
direct current base length region corresponds to the first set of 
elongated elements and the second set of elongated elements 
in stage 920, exemplary method 900 may then end at stage 
930. 
Operational Example 
Consistent with an operational example, algorithm 1010 
may be used to simulate and diagnose a solution of unknown 
bases. For example, a solution with base lengths 1390, 1760, 
2680, and 2760 may be used. Sensing unit 105 output from 
this solution may be simulated with a DC stimulus of 100 m V. 
FIG. 11 is a diagram illustrating histograms for an operational 
example consistent with an embodiment of the present inven-
tion. As shown in FIG. 11, while the two smaller molecules 
were easily distinguished, the molecules having lengths 2680 
and 2760 bases were not distinguishable from each other. 
Therefore, three regions (Region 1, Region 2, and Region 3) 
could be identified for separate optimization analysis to find 
the optimal AC stimulus for each region. In addition, the mean 
of each region and the corresponding base lengths were deter-
mined. In other words, four bases were present, but two of the 
bases (Region 3) were not distinguishable from each other. 
Next, each region shown in FIG. 11 was simulated with an 
AC stimulus. The initial AC frequency choice for stimulus 
was calculated from the inverse of the mean translocation 
time of the region. The AC stimulus' initial amplitude was 
chosen to be 50 m V. Regions 1 and 2 contained only one type 
of strand each and did not show any more molecule lengths 
when simulated with the AC stimulus. FIG. 12 is a diagram 
illustrating translocation time histograms in Region 3 for the 
DC and the initial AC stimulus applied consistent with an 
embodiment of the present invention. As shown in FIG. 12, 
Region 3, however, showed significant splitting when the 
above-mentioned AC stimulus was applied. 
Algorithm 1010 was then applied to refine the sensitivity in 
Region 3. It can be observed that the phase and the frequency 
opposed each other during optimization, so phase was not 
optimized further and was set at zero for all applied AC 
stimuli. The DC stimulus showed a spread of the translocation 
times by 2.9 ns (FIG.11), while the initial AC stimulus (f=l3 
MHz, A=SO mV) doubled the spread to 6.1 ns. FIG. 13 is a 
diagram illustrating a change in sensitivity values with 
progress in optimization consistent with an embodiment of 
the present invention. As shown in FIG. 12, sensitivity 
improved as the optimization proceeds till the desired 
enhancement factor was obtained. 
FIG. 14 is a diagram illustrating performance for DC and 
the initial AC stimulus (left) and the optimized AC stimulus 
(right) consistent with an embodiment of the present inven-
tion. The final stimulus (f=9.5 MHz, A=72.75 mV) obtained 
from the optimization algorithm shows a spread of 27.6 ns, 
about ten times the spread for a DC stimulus. Using this 
stimulus, the two molecules can be easily distinguished in the 
histogram shown in FIG. 14. Thus, the AC stimulus not only 
helps diagnosing the hidden bases within each region, it also 
increases the resolution of the diagnosis process significantly. 
This operational example shows the potential for model and/ 
or algorithm based diagnostic approaches towards optimizing 
the performance of this technology. The short time scales 
make it feasible to implement the optimization process "on 
the fly" during operation, to analyze, for example, DNA mix-
tures of arbitrary complexity. 
Furthermore, the invention may be practiced in an electri-
cal circuit comprising discrete electronic elements, packaged 
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or integrated electronic chips containing logic gates, a circuit 
utilizing a microprocessor, or on a single chip containing 
electronic elements or microprocessors. The invention may 
also be practiced using other technologies capable of per-
forming logical operations such as, for example, AND, OR, 
and NOT, including but not limited to mechanical, optical, 
fluidic, and quantum technologies. In addition, the invention 
may be practiced within a general purpose computer or in any 
other circuits or systems. 
The present invention may be embodied as systems, meth- 10 
ods, and/or computer program products. Accordingly, the 
present invention may be embodied in hardware and/or in 
software (including firmware, resident software, micro-code, 
etc.). Furthermore, embodiments of the present invention 
may take the form of a computer program product on a com- 15 
puter-usable or computer-readable storage medium having 
computer-usable or computer-readable program code 
embodied in the medium for use by or in connection with an 
instruction execution system. A computer-usable or com-
puter-readable medium may be any medium that can contain, 20 
store, communicate, propagate, or transport the program for 
use by or in connection with the instruction execution system, 
apparatus, or device. 
The computer-usable or computer-readable medium may 
be, for example but not limited to, an electronic, magnetic, 25 
optical, electromagnetic, infrared, or semiconductor system, 
apparatus, device, or propagation medium. More specific 
examples (a non-exhaustive list) of the computer-readable 
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette, 30 
a random access memory (RAM), a read-only memory 
(ROM), an erasable progranmiable read-only memory 
(EPROM or Flash memory), an optical fiber, and a portable 
compact disc read-only memory (CD-ROM). Note that the 
computer-usable or computer-readable medium could even 35 
be paper or another suitable medium upon which the program 
is printed, as the program can be electronically captured, via, 
for instance, optical scanning of the paper or other medium, 
then compiled, interpreted, or otherwise processed in a suit-
able manner, if necessary, and then stored in a computer 40 
memory. 
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What is claimed is: 
1. A system for evaluating the length of biopolymers in a 
sample, the system comprising: 
a memory storage for maintaining a database; and 
a processing unit coupled to the memory storage, wherein 
the processing unit is operative to: 
use a direct current stimulus to determine a direct current 
base length region corresponding to at least a portion 
of the sample, the direct current base length region 
appearing to correspond to biopolymers of only one 
length after the direct current stimulus is used; 
determine an initial value for at least one alternating 
current stimulus characteristic; 
use a combination stimulus comprising a combination of 
the direct current stimulus and an alternating current 
stimulus to determine that the direct current base 
length region corresponds to a first set ofbiopolymers 
and a second set of biopolymers, the first set of 
biopolymers having a first base length and the second 
set of biopolymers having a second base length, 
wherein the processing unit being operative to use the 
combination stimulus comprises the processing unit 
operative to iteratively optimize the at least one alter-
nating current stimulus characteristic, starting with 
the determined initial value, to increase the sensitivity 
of the determined direct current base length region 
wherein the processing unit being operative to itera-
tively optimize comprises the processing unit being 
operative to iteratively adjust the alternating current 
stimulus characteristic from the determined initial 
value to increase a difference between a mean trans-
location time corresponding to the first set ofbiopoly-
mers and a mean translocation time corresponding to 
the second set ofbiopolymers; 
use the at least one optimized alternating current stimu-
lus characteristic value to determine a length of a 
biopolymer in the sample; and 
output the determined length of the biopolymer. 
2. The system of claim 1, wherein the processing unit 
operative to use the combination stimulus to determine that 
the direct current base length region corresponds to the first 
set ofbiopolymers and the second set ofbiopolymers further 
comprises at least one of the first set ofbiopolymers and the 
second set of biopolymers comprising at least one of the 
Embodiments of the present invention are described above 
with reference to block diagrams and/or operational illustra-
tions of methods, systems, and computer program products 
according to embodiments of the invention. It is to be under-
stood that the functions/ acts noted in the blocks may occur out 
of the order noted in the operational illustrations. For 
example, two blocks shown in succession may in fact be 
executed substantially concurrently or the blocks may some-
times be executed in the reverse order, depending upon the 
functionality/acts involved. 
45 following: chain molecules, deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA), and proteins. 
3. The system of claim 1, wherein the processing unit 
operative to use the combination stimulus to determine that 
the direct current base length region corresponds to the first 
50 set ofbiopolymers and the second set ofbiopolymers com-
prises the processing unit operative to measure an ion current 
through a nanopore, the ion current produced by the alternat-
ing current stimulus. 
While certain features and embodiments of the invention 
have been described, other embodiments of the invention may 
exist. Furthermore, although embodiments of the present 
invention have been described as being associated with data 
stored in memory and other storage mediums, aspects can 
also be stored on or read from other types of computer-
readable media, such as secondary storage devices, like hard 
disks, floppy disks, or a CD-ROM, a carrier wave from the 
Internet, or other forms of RAM or ROM. Further, the steps of 60 
the disclosed methods may be modified in any manner, 
including by reordering steps and/or inserting or deleting 
steps, without departing from the principles of the invention. 
It is intended, therefore, that the specification and 
examples be considered as exemplary only, with a true scope 
and spirit of the invention being indicated by the following 
claims and their full scope of equivalents. 
4. The system of claim 1, wherein the at least one alternat-
55 ing current stimulus characteristic comprises one of the fol-
lowing characteristics: a frequency associated with the alter-
nating current stimulus, an amplitude associated with the 
alternating current stimulus, and a phase associated with the 
alternating current stimulus. 
5. The system of claim 1, wherein the processing unit 
operative to iteratively adjust the alternating current stimulus 
comprises the processing unit operative to use a gradient 
search to optimize the at least one alternating current stimulus 
characteristic to produce a predetermined sensitivity value, 
65 the at least one alternating current stimulus characteristic 
comprising one of the following characteristics: a frequency 
associated with the alternating current stimulus, an amplitude 
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associated with the alternating current stimulus, and a phase 
associated with the alternating current stimulus. 
6. A system of claim 1, wherein the alternating current 
stimulus is applied in an alternating current stimulus direction 
that is substantially the same as a direction that the first set of 
biopolymers and the second set of biopolymers translocate 
through a nanopore. 
7. The system of claim 1, wherein the combination stimu-
lus is derived using a realistic physics-based model. 
8. The system of claim 1, wherein the processing unit being 10 
operative to iteratively adjust the alternating current stimulus 
characteristic comprises the processing unit being operative 
to iteratively adjust the alternating current stimulus charac-
teristic from the determined initial value in an intelligent 
manner based upon input from a realistic physics-based 15 
model to eliminate all but a limited subset of a fundamentally 
infinite number of possible stimulus choices. 
9. The system of claim 1, wherein iteratively optimizing 
the at least one alternating current stimulus characteristic 
comprises iteratively optimizing using a number of iterations 20 
equal to a user-specified performance enhancement factor. 
10. A system for evaluating the length ofbiopolymers in a 
sample, the system comprising: 
a memory storage for maintaining a database; and 
a processing unit coupled to the memory storage, wherein 25 
the processing unit is operative to: 
use a direct current stimulus to determine a direct current 
base length region corresponding to at least a portion 
of the sample, the direct current base length region 
appearing to correspond to biopolymers of only one 30 
length after the direct current stimulus is used; 
determine a first initial value for a first alternating cur-
rent stimulus characteristic value corresponding to an 
alternating current stimulus, the first alternating cur-
rent stimulus characteristic value comprising one of 35 
the following characteristics: a frequency associated 
with the alternating current stimulus, an amplitude 
associated with the alternating current stimulus, and a 
phase associated with the alternating current stimu-
lus; 40 
use a combination stimulus comprising a combination of 
the direct current stimulus and the alternating current 
stimulus to iteratively optimize the first alternating 
current stimulus characteristic value for the alternat-
ing current stimulus, starting with the determined first 45 
initial value, to increase the sensitivity of the direct 
current base length region wherein the processing unit 
being operative to iteratively optimize the first alter-
nating current stimulus characteristic value comprises 
the processing unit being operative to iteratively 50 
adjust the first alternating current stimulus character-
istic value to increase a difference between a mean 
translocation time corresponding to a first set of 
biopolymers in the sample and a mean translocation 
time corresponding to a second set ofbiopolymers in 55 
the sample; 
determine a second initial value for a second alternating 
current stimulus characteristic value corresponding to 
the alternating current stimulus, the second alternat-
ing current stimulus characteristic value comprising 60 
one of the following characteristics: the frequency 
associated with the alternating current stimulus, the 
amplitude associated with the alternating current 
stimulus, and the phase associated with the alternat-
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ing current stimulus, wherein the first alternating cur-
rent stimulus characteristic value and the second alter-
nating current stimulus characteristic value 
correspond to different characteristics; 
use the combination stimulus comprising the combina-
tion of the direct current stimulus and the alternating 
current stimulus to iteratively optimize the second 
alternating current stimulus characteristic value for 
the alternating current stimulus, starting with the 
determined second initial value, to increase the sen-
sitivity of the direct current base length region 
wherein the processing unit being operative to itera-
tively optimize the second alternating current stimu-
lus characteristic value comprises the processing unit 
being operative to iteratively adjust the second alter-
nating current stimulus characteristic value to 
increase the difference between the mean transloca-
tion time corresponding to the first set ofbiopolymers 
in the sample and the mean translocation time corre-
sponding to a second set of biopolymers in the 
sample; 
determine a third initial value for a third alternating 
current stimulus characteristic value corresponding to 
the alternating current stimulus, the third alternating 
current stimulus characteristic value comprising one 
of the following characteristics: the frequency asso-
ciated with the alternating current stimulus, the 
amplitude associated with the alternating current 
stimulus, and the phase associated with the alternat-
ing current stimulus, wherein the first alternating cur-
rent stimulus characteristic value, the second alternat-
ing current stimulus characteristic value, and the third 
alternating current stimulus characteristic value cor-
respond to different characteristics; 
use the combination stimulus comprising the combina-
tion of the direct current stimulus and the alternating 
current stimulus to iteratively optimize the third alter-
nating current stimulus characteristic value for the 
alternating current stimulus, starting with the deter-
mined third initial value, to increase the sensitivity of 
the direct current base length region wherein the pro-
cessing unit being operative to iteratively optimize the 
third alternating current stimulus characteristic value 
comprises the processing unit being operative to itera-
tively adjust the third alternating current stimulus 
characteristic value to increase the difference 
between the mean translocation time corresponding 
to the first set of biopolymers in the sample and the 
mean translocation time corresponding to the second 
set ofbiopolymers in the sample; 
use the optimized first alternating current stimulus char-
acteristic value, the optimized second alternating cur-
rent stimulus characteristic value, and the optimized 
third alternating current stimulus characteristic value 
to determine a length of a biopolymer in the sample; 
and 
output the determined length of the biopolymer. 
11. The system of claim 10, wherein the alternating current 
stimulus is applied in an alternating current stimulus direction 
that is substantially the same as a direction that the first set of 
biopolymers and the second set of biopolymers translocate 
through a nanopore. 
* * * * * 
